ABSTRACT
INTRODUCTION

48
Ecological speciation in sympatry, the process by which adaptation to contrasting ecological 49 conditions drives the divergence of co-occurring populations, has received growing attention 50 in the last 12 years (Rundle & Nosil, 2005) . The fate of diverging populations maintaining a 51 certain level of gene flow, and the conditions in which speciation can still occur are central 52 questions in evolutionary biology (Smadja & Butlin, 2011) . A mechanism possibly causing 53 sympatric speciation is allochronic differentiation, which occurs when differences in breeding 54 time within a species lead to temporal assortative mating and limit gene flow between early 55 and late reproducers (Alexander & Bigelow, 1960) . Isolation-by-time can further lead to 56 adaptation-by-time (Hendry & Day, 2005) when divergent selection operates between 57 contrasting environmental conditions encountered at the different breeding times. This 58 process remains largely unexplored in the literature, but has been suggested to occur in a large 59
array of organisms such as plants (Devaux & Lande, 2008; Savolainen et al., 2006; Weis et 60 al., 2005) , birds (Friesen et al., 2007) , fishes (Limborg, Waples, Seeb, & Seeb, 2014) , corals 61 (Rosser, 2015 (Rosser, , 2016 or insects (Santos, Burban, et al., 2011; Sota et al., 2013; Yamamoto & 62 Sota, 2009 , 2012 Yamamoto, Beljaev, & Sota, 2016) . Many more examples probably remain 63 to be discovered, and only 9 study cases were identified in a recent review of 200 papers as 64 8 the possible causes of the somewhat unexpected results yielded from the LWP1 pool (see 164 Results). In total, we constructed six PstI-digested paired-end (PE) RAD libraries as 165 described in Gautier et al. (2013) . 166 Twenty LSP1 (10 males and 10 females) and 20 LWP1 (10 males and 10 females) samples 167 were barcoded and processed individually in libraries #1 to #3 (RAD Ind-Seq using 40 168 barcodes in total, see Table 1 ). The DNAs of each of the three sampled populations (all the 40 169 LSP1, all the 40 LWP1 and all the 40 AWP individuals respectively) were pooled and each 170 population pool was barcoded with three different barcodes (9 barcodes in total, library #4). 171
The RAD libraries #1 to #4 were then combined and PE sequenced (2 × 101 bp) on two 172
Illumina HiSeq2000 lanes in the Edinburgh Genomics facility. 173
To replicate the experiment using only individuals genetically assigned to the LSP and LWP were observed across all the five pools; and (iii) the minor allele was represented by at least 235 one read in two different pool samples. 236
The final data read count for the Pool-Seq dataset -hereafter referred to as the rPS dataset -237 consisted of 58,210 SNPs with mean (median; max) coverage equal to 34.96 (32; 67) for the 238 LWP2 pool; 53.71 (50; 105) for the LSP2 pool; 76.21 (72; 164) for the AWP pool; 122.9 (116; 239 244) for the LWP1 pool; and 124.6 (121; 253) for the LSP1 pool, respectively. 240
241
For applications requiring allele count data (joint PCA of individual and Pool-Seq data, 242 computation of the SFS, see below), we used the following approach. Let a ij represent the 243 number of reads of the reference allele and c ij the coverage for SNP i in population (pool) j 244 with haploid sample size n j . We further denote similarly y ij the allele count for the reference 245 allele in the sample and n ij the haploid sample size (n ij ≤ n j ) for SNP i in population (pool) j. 246
The pPS dataset consists of the y ij 's and n ij 's, which were computed as follows: 247 i) if c ij ≤ n j then ݊ ො ij = c ij and ‫ݕ‬ ො ij = a ij 248 ii) if c ij > n j then ݊ ො ij = n j and 249
ii.1) if a ij = 0 or a ij = c ij then ‫ݕ‬ ො ij = a ij ; 250
ii.2) if 0 < a ij < c ij then ‫ݕ‬ ො ij = (n j -1) ∧ (1 ∨ [n j × (a ij / c ij )]) 251 where ∧ and ∨ stand for the maximum and the minimum, respectively. Note that formally ii) 252 provides the maximum likelihood estimate of the y ij 's under the assumption that the a ij 's 253 follow a binomial distribution a ij ~ Bin(y ij / n j . n ij ). This approximation thus amounts in 254
13
Joint Principal Component Analyses of individual (gIS) and pool-Seq (pPS) data 276
A total of 742 SNPs were in common between the individual gIS and the pPS pool datasets. 277
We combined both datasets to obtain a matrix X = {x ij } (742 SNPs x 45 columns) of allele 278 counts in 40 diploid individual samples (n j = 2 for j = 1 to 40) and 5 pool samples 279 (n 41 = n AWP = 80 and n j = n LSP1 = n LWP1 = n LSP2 = n LWP2 = 60 for j = 42 to 45) resulting in a total 280 of 360 haploid individuals. To account for the differences in sample size, we defined a SNP 281 weight vector w={w j } where w j = 1/180 for j = 1 to 40, w 41 = w AWP = 40/180 and w j = w LSP1 = 282 w LWP1 = w LSP2 = w LWP2 = 30/180 for j = 42 to 45. We then computed the (observed) allele 283 frequencies f ij = x ij /n j for each SNP i and sample j, and the overall mean weighted allele 284 frequency p i = Σ i w j x ij for each SNP i. Note that f ij was set to p i when x ij was missing. Finally, 285
we computed the standardized allele frequency matrix M = {m ij } where m ij = (x ij -p i )/(p i (1-p i )). 286
A weighted Principal Component Analysis (PCA) was then carried out based on the matrix M 287 and using w as a (row) weight vector with the dudi.pca() function of the R package ade4 288 (Chessel, Dufour, & Thioulouse, 2004) . 289
290
Demographic inferences 291
Three-population tests of admixture 292 F 3 statistics provide a formal test for population admixture in three population trees (Patterson 293 et al., 2012) . A significantly negative F 3 statistics for a (P1; P2, P3) configuration supports an 294 admixed origin of population P1 with two ancestral source populations related to P2 and P3 295 respectively. Note however that the reverse is not necessarily true, e.g., the F 3 statistics might 296 not be significantly negative in this same configuration if P1 experienced strong drift after the 297 14 admixture event. F 3 -based tests were carried out for the possible topologies using the rPS 298
Pool-Seq dataset. To account for the additional sampling level introduced in Pool-Seq 299 experiments (i.e., the sampling of read sequences in the DNA pool), the following unbiased 300 estimator relying on read count data and haploid pool sizes was used: 301 (resp. c iQ ) the coverage in population P (resp. Q) with haploid sample size n p . To assess the 306 significance of the departure of each statistic to the null hypothesis (F = 0), Z-scores were 307 computed as the ratio of the ‫ܨ‬ ଷ mean to its standard deviation both estimated over 5,000 308 bootstrap samples. 309
310
Estimation of tree topology and divergence times using KIMTREE 311
For a given tree topology, we estimated divergence times using KIMTREE 1.3 (Gautier & 312 Vitalis, 2013) , with the standard MCMC parameters recommended in the user manual. 313 KIMTREE is a hierarchical Bayesian model where the allele frequencies are modelled along 314 each branch of a population tree using Kimura's time-dependent diffusion approximation for 315 genetic drift (Kimura, 1964) . The support of the different topologies was assessed using a 316 15 Deviance Information Criterion (DIC) computed as described in Gautier and Vitalis (2013) , 317 and up to a constant term, with slight modifications for Pool-Seq data: 318
where ‫ݕ‬ ‫)ݐ(‬ represents the sampled allele count value for SNP i in pool j at the t th MCMC 319 iteration (out of T) and ‫ݕ‬ పఫ ෞ the posterior mean of the corresponding allele count computed 320 over the T MCMC samples. 321
322
Inference of complex demographic histories using FASTSIMCOAL2 323
To explore more complex demographic scenarios, we analyzed the joint site frequency 324 spectrum (SFS) of the three sampled populations using the approach of Nielsen (2000) 325 implemented in FASTSIMCOAL2 2.5.2.21 (Excoffier, Dupanloup, Huerta-Sanchez, Sousa, & 326 Foll, 2013) . This approach uses coalescent simulations to infer the likelihood of the observed 327 Gautier (2015) , the XtX was calibrated based on a posterior predictive distribution obtained by 382 analyzing a pseudo-observed dataset of 250,000 SNPs generated under the inference model 383 with hyper-parameters fixed to their respective posterior means as estimated from the analysis 384 of the original data. Hereafter, we report candidate markers with XtX values above the 99.9% 385 quantile of the so-obtained empirical distribution of XtX. To identify the population of origin 386 of the signal for overly differentiated SNPs, we examined the posterior means of the 387 standardized population allele frequencies defined for each SNP i and population j as: 388 where હ ୧ represents the (unobserved) vector of population allele frequencies, π ୧ represents the 389 across population allele frequency, and Γ the Cholesky decomposition matrix of Ω (i.e., 390 transitella. These results are detailed in Tables S5 and S6 
DISCUSSION
521
In this study, we analyzed an illustrative example of "true allochronic differentiation" (sensu 522 Taylor & Friesen, 2017) between sympatric populations of the pine processionary moth. Our 523 results allowed us to decipher when and how the primary divergence occurred (bottleneck 524 intensity, levels of gene flow), which allows us to propose hypotheses about the 525 circumstances of the differentiation and the subsequent history of the populations. 526
527
The primary divergence: a fairly recent allochronic event associated to a strong 528 bottleneck and an abrupt disruption of gene flow 529
Tree-based analyses suggested that the phenologically-shifted SP first diverged from the 530 common ancestor of the two studied WPs, which differentiated more recently from one 531
another. The long branch leading to the SP suggested that this population experienced very 532 strong drift. The model was significantly improved by including changes in population sizes 533 and migration between populations, suggesting that the demographic history associated with 534 the allochronic event is relatively complex. We could infer in detail this evolutionary scenario. 535
The common ancestor of the SP and the WP is supposed to have been present for a long time 536 (estimated to 900,000 years), with large population sizes (10 5 to 10 6 reproducing individuals), 537 which is consistent with the continuous occurrence of the pine processionary moth in the 538
Page 24 of 46 Molecular Ecology refugial areas of the Iberian Peninsula during the Ice Ages (Rousselet et al., 2010) . The 539 divergence of the SP was estimated to have occurred ca. 560 years ago, and it was associated 540 with a very strong founder event (ancestral population size estimated to a few tens of 541 individuals), while a bottleneck event occurred in the ancestral WP. One of the main questions 542 about sympatric differentiation is to know whether it occurred in the presence or absence of 543 gene flow in the first steps of the divergence, and how migration evolved over time (Powell, 544 Forbes, Hood, & Feder, 2014; Smadja & Butlin, 2011) . The question of the levels of gene 545 flow can shed light on the differentiation process and impact the possible fate of the diverging 546 populations. In the particular case of allochronic differentiation, the shift in breeding time can 547 occur progressively, an overlap in reproductive times of the incipient populations then 548 maintaining gene flow (with some similarities between isolation-by-distance and isolation-by-549 time in this case, see Hendry & Day, 2005) . Conversely, it can also appear as an abrupt 550 phenological change that would immediately disrupt gene flow and lead to an "automatic" 551 complete assortative mating, acting as an "automatic magic trait" sensu Servedio, Doorn, 552 Kopp, Frame & Nosil (2011) . Our results showed that the first step of the differentiation 553 occurred in a context of highly limited gene flow between the ancestral SP and WP (migration 554 rate 10 -5 to 10 -8 ). This corroborates the hypothesis of a sudden event of divergence, resulting 555 in an immediate barrier to gene flow between the two incipient populations. 556
Allochrony can in some situations evolve as a by-product of another primary driver of 557 speciation, such as host plant shift followed by alteration of breeding time to match with the 558 new host's phenology (Powell et al., 2014) . It is not possible from our results to rule out the 559 hypothesis that the two populations primarily diverged due to other factors, and that 560 allochrony evolved more recently and would now be the main differentiated trait. On the 561 other hand, no host or habitat change is associated with the differentiation of the SP. The land 562 Devy-Vareta, N. (1985) . Para uma geografia histórica da floresta portuguesa. Revista da 773
Faculdade de I, Excoffier, L., Dupanloup, I., Huerta-Sanchez, E., Sousa, V. C., & Foll, M. (2013) . Robust 775 demographic inference from genomic and SNP data. Plos Genetics, 9(10), e1003905. 776 doi:10.1371/journal.pgen.1003905 777 Franchini, P., Fruciano, C., Spreitzer, M. L., Jones, J. C., Elmer, K. R., Henning, F., & Meyer, 778 A. (2014) . Genomic architecture of ecologically divergent body shape in a pair of 779 sympatric crater lake cichlid fishes. 
